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ABSTRACT
Large-scale coffee agriculture can have significant detrimental effects on the environment.
However, organic coffee production lowers these impacts and helps to conserve tropical
diversity by reducing need for soil inputs. Naturally healthy soils contain beneficial vesicularmycorrhizal (VAM) fungi. These fungi help cycle nutrients and support plant health and growth.
Mycorrhizal mutualisms are abundant and effective in particular habitats, particularly those in
which the fungi do not exhaust carbon resources for the plant. This study compares the
abundance of VAM fungi vesicles on the roots of organic shade-grown coffee plants and those
grown in the sun. Root samples were collected from an organic coffee farm and stained, and
observed under high-power magnification to determine quantity of fungi vesicles. Data show no
statistical significance in the mean number of vesicles between the two sample populations. This
result implies that sunlight is not the only factor determining plant health and need for soil
inputs.

INTRODUCTION
Coffee is one of the most economically important exports in the world. A vast number of people
around the world drink coffee, and there is high demand for the superior quality coffee that the
tropics produce. Coffee generates roughly $35 billion annually (Kopp 2010), and represents a
crucial resource for tropical communities. As a result, coffee plantations are widespread
throughout tropical countries, such as Costa Rica. Huge areas of tropical rainforests are clear cut
to provide more area for agriculture (Wallace 2007).
As with any mass-produced crop, large plantations typically grow acres upon acres of
monoculture crops, like coffee. This technique depletes soil nutrients thus requiring significant
amounts of synthetic fertilizer inputs, while the need to control weeds around the crops requires
large amounts of pesticide and herbicide inputs. These plantations often contain little to no tree
coverage, and due to heavy precipitation in the tropics, significant runoff and topsoil erosion
occur (Coffee and Conservation 2006), severely impacting watersheds and biodiversity. In

efforts to reduce environmental impact and conserve rainforest and biodiversity resources,
organic coffee plantations have arisen.
Organic coffee plantations attempt to maintain a balance between producing high-quality
coffee while conserving biodiversity. Migratory birds are a representative group of organisms
that benefit from the crop diversification and conserved tree patches present on organic coffee
farms. But these farms also help protect the environment from toxic chemical runoff, which in
turn protects watersheds and ecosystems downstream. Partial canopies over organic coffee
farms catalyze nutrient cycling by dropping leaves to the soil. The soils are kept healthy by a
diversity of crops such as fruit trees, sugarcane, cacao, and coffee, and a major component of
these healthy soils are mycorrhizal fungi (Coffee and Conservation 2006).
Crop production is frequently dependent on naturally occurring populations of
mycorrhizal fungi (Smith 1997), which increase absorptive plant root area and nutrient exchange
(Mills 2006). Phosphorus (P), a fundamental nutrient for plant growth, is scarce in the tropics.
Mycorrhizal hyphae are more capable of taking up phosphorus ions in low concentrations than
root hairs are, and therefore mycorrhizae significantly aide in P uptake (Janos 1983). For this
reason, Janos (1983) proposes that the tropical rainforest as a whole may owe its existence to
vesicular-arbuscular mycorrhizal (VAM) fungi.
Mycorrhizae require host plants as a substrate to live in and as a source of carbon (in the
form of glucose and fructose), but in low-light conditions, allocating a large amount of carbon to
the fungal symbiont can be detrimental to plant growth (Smith 1997). Responsiveness to
mycorrhizal colonization is strongly affected by exposure to sunlight and nutrient availability of
the soil, and a significant proportion of coffee plants on organic farms grow in low irradiance
conditions (Smith 1997). VAM are severely limited by soil inputs and tillage, both of which are
necessary for sun-grown coffee (Ishii 2009). I will examine coffee plants on organic farms that
are in high sunlight exposure contain stronger or more abundant mycorrhizal mutualisms than
shade-grown coffee plants.
In this study, I compare the quantity of VAM fungi on organic coffee plants in the sun to
the quantity on those in the shade. Increased presence of VAM fungi in the sun-exposed plants
could possibly indicate higher productivity, which could indicate potential economic advantages
in comparison to organic shade coffee. I predict that organic coffee plants in the shade will
contain more VAM fungi vesicles than those grown in the shade.

MATERIALS AND METHODS
STUDY SITE
The study was conducted on an organic coffee farm in San Luis, Costa Rica, at 1100 m. The San
Luis valley is surrounded by mountains and receives abundant rainfall and sunlight. Prior to
conversion to agriculture, San Luis was a premontane moist forest. The farm has significant
canopy coverage and hosts a diverse polyculture of banana, orange, mango, and hardwood trees,
as well as sugarcane and coffee plants. There are many coffee plants that are shaded by the trees
for the duration of the day, as well as many plants that are exposed to sunlight at all hours of
sunlight; all plants are of the same species, Coffea arabica. I chose to sample 20 plants that were
constantly shaded and 20 plants that were constantly in sunlight (weather providing). To the best
of my knowledge, each plant was the caturra variety of C. arabica. All plants were healthy in
appearance and roughly 2 meters tall.

METHODS
I gathered root samples from each plant by clearing away leaf litter and other organic debris and
finding one large root stemming from the base of the plant. Digging just below the surface with
a knife, I located and cut small roots growing underneath the large main root. I collected three
root clusters from each plant and placed them in labeled Ziploc bags.
In the lab, I followed the procedures illustrated by Bagyaraj and Stürmer (2008), and
Kopp (2010). After shaking excess dirt off and rinsing each root sample with tap water three
times, I placed each sample in a 2% KOH solution in vials for 48 hours. After 48 hours, I rinsed
the roots another three times with tap water and put them in vials containing a solution of 3 ml
20% NH4OH, 30 ml 3% H2O2, and 567 ml of tap water for one hour. After rinsing three more
times, I acidified each sample in 1% HCl for five minutes, and without rinsing, transferred them
to test tubes containing a 4:1 staining solution of acidic glycerol solution (500 ml glycerol, 450
ml distilled H2O, 50 ml 1%HCl) and 0.05% Trypan Blue. The test tubes were then incubated in
a 90° Celsius water bath for one hour. After incubation the staining solution was poured off and
the samples were immersed and stored in the acidic glycerol solution mentioned above (without
Trypan Blue).
To quantify the average number of vesicular-arbuscular mycorrhizal (VAM) fungi, I cut
and selected three 0.5 cm root segments per sample. These lengths were selected based on
lightest shade of blue in order to use the most readily observable samples. Under 100X
magnification with a compound light microscope, I counted each fungal vesicle from one end of
the segment to the other. After quantifying vesicles on each segment, I calculated the mean
number of vesicles for the entire root sample.

RESULTS
The number of VAM fungi vesicles observed in plants grown in the shade and plants grown in
the sun are not significantly different (t=0.293, DF=38, P=0.77, Fig 1). Sun plants had an
average of 74 (SD=32.358), and shade plants had an average of 71 (SD=33.201).
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Figure 1. The average number of mycorrhizal fungi vesicles (y-axis) in plants from each location, sun and
shade, with SD bars.

DISCUSSION
I predicted that sun plants would have more VAM fungi than shade plants because coffee plants
in the sun can photosynthesize more and therefore provide more carbohydrates to mycorrhizae,
whereas plants in the shade would photosynthesize less (providing fewer carbohydrates to a
mutualist), evapotranspire less, and require less water absorption from the mycorrhizae. I
expected the shade plants to reject the mutualism with mycorrhizae because plants often do so to
avoid the carbon cost of the fungi (Janos 1983). Therefore, I predicted that sun plants would
have more VAM. However, my data resulted in no significant difference, which implies that
Coffea arabica plants grown in the same soil with different levels of irradiance accept the same
mutualism with mycorrhizal fungi. In the tropics, plants are water stressed during the dry season
and receive variably sunlight, so these growth constraints favor a mycorrhizal mutualism.
The energetic/carbon cost of the mutualism is outweighed by the benefits shade plants
receive. There is significant evidence that mycorrhizal colonization increases resistance to
pathogens (Ishii 2009) and herbivorous insects and increases tolerance of water deficit (Smith
1997). Also, in many pot studies of mycorrhizal plants, colonization of the roots is followed by
stimulated growth and phosphorus (P) uptake, and in controlled conditions with low P soil, there
is significantly reduced plant growth which can be directly caused by lack of mycorrhizae (Smith
1997). Despite a lack of sunlight and the subsequent carbon (C) expense of the fungi, shaded
coffee plants gain an increased ability to fix carbon dioxide (CO2) and to photosynthesize, and
this benefit offsets the cost of the fungi. This implies that the coffee plant must allocate
significant carbohydrates (in the form of sugars) to the fungi, which would explain the
comparatively smaller yield of shade-grown coffee plants.

In nutrient-poor soils, as in the Tropics, plants benefit from mycorrhizal nutrient transfer.
Mycorrhizal mutualisms represent a careful balance between costs and benefits as many
mycorrhizal plants can survive without the symbionts. The production of hyphae is less carbon
costly than the production of roots, and so in low-fertility soils or areas of low irradiance, shadegrown plants can benefit from the presence of mycorrhizae (Smith 1997).
I expected to observe a significant difference in VAM presence, but since plants in the
sun evapotranspire more quickly and provide more C to the fungi, while shaded plants benefit in
photosynthesis productivity and water absorption, it follows logically that coffee plants in both
sun and shade require significant abundance of mycorrhizae. The fact that the two sample
groups are grown in close proximity and in the same soil suggests that VAM fungi can easily
colonize both sun and shade plants.
This study shows that despite sun exposure or a lack of sunlight, mycorrhizal mutualisms
help supply coffee plants with sufficient nutrients and water. On large plantations of sun-grown
coffee, however, there is an insufficiency of organic debris such as leaf litter that allows for good
nutrient exchange between mycorrhizae and plants (Coffee and conservation 2006). This calls
for increased synthetic soil inputs and therefore increased production costs, but sun-grown coffee
plants are typically more productive than shade-grown, which can offset the higher costs.
Therefore, there is no advantage to sun-grown coffee regarding soil nutrition and VAM presence.
A combination of crop diversification and higher price for organic coffee, as well as fewer to no
soil inputs required for production indicates that organic coffee can compete with monoculture
sun-grown coffee, but only if the market demand for organic coffee is high enough.
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